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Nicotinic acid adenine dinucleotide phosphate triggers Ca2+
release from brain microsomes
Judit Bak*, Peter White†, György Timár*, Ludwig Missiaen‡,
Armando A. Genazzani†§ and Antony Galione†
Mobilization of Ca2+ from intracellular stores is an
important mechanism for generating cytoplasmic Ca2+
signals [1]. Two families of intracellular Ca2+-release
channels — the inositol-1,4,5-trisphosphate (IP3)
receptors and the ryanodine receptors (RyRs) — have
been described in mammalian tissues [2]. Recently,
nicotinic acid adenine dinucleotide phosphate (NAADP),
a molecule derived from NADP+, has been shown to
trigger Ca2+ release from intracellular stores in
invertebrate eggs [3–6] and pancreatic acinar cells [7].
The nature of NAADP-induced Ca2+ release is unknown
but it is clearly distinct from the IP3- and cyclic ADP
ribose (cADPR)-sensitive mechanisms in eggs (reviewed
in [8,9]). Furthermore, mammalian cells can synthesize
and degrade NAADP, suggesting that NAADP-induced
Ca2+ release may be widespread and thus contribute to
the complexity of Ca2+ signalling [10,11]. Here, we show
for the first time that NAADP evokes Ca2+ release from
rat brain microsomes by a mechanism that is distinct
from those sensitive to IP3 or cADPR, and has a
remarkably similar pharmacology to the action of
NAADP in sea urchin eggs [12]. Membranes prepared
from the same rat brain tissues are able to support the
synthesis and degradation of NAADP. We therefore
suggest that NAADP-mediated Ca2+ signalling could
play an important role in neuronal Ca2+ signalling.
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Results and discussion
Brain microsomes were one of the first mammalian cell
preparations in which cADPR and IP3 were shown to
trigger Ca2+ release independently of each other [13–14].
To test whether brain microsomes also possessed an
NAADP-sensitive Ca2+-release mechanism, they were
prepared from the cerebrum and passively loaded with
45Ca2+. NAADP (3 µM) induced Ca2+ release from micro-
somes in the presence of 100 nM free Ca2+ in the extra-
microsomal buffer (Figure 1a). Under the same conditions,
maximal concentrations of IP3 (5 µM) or cADPR (2 µM)
also enhanced 45Ca2+ release from the vesicles (Figure 1a),
as did Ca2+ itself. Microsomes were unable to release Ca2+
in the presence of the quench solution (see Materials and
methods), demonstrating the specificity of the release.
Although the amount of Ca2+ release induced by NAADP
was significantly smaller than that triggered by IP3 or
cADPR, release appeared to have similar kinetics, thus
indicating that an NAADP-sensitive Ca2+-mobilizing
mechanism is present in brain intracellular organelles. 
NAADP released Ca2+ with a half-maximal effective con-
centration (EC50) of approximately 1 µM (Figure 1b),
which is similar to the EC50 values reported for IP3 and
cADPR in this preparation [13–14]. This is, however, signif-
icantly higher than the nanomolar concentrations required
for NAADP’s effects in pancreatic acinar cells [7]. To deter-
mine whether NAADP acts on a Ca2+-release mechanism
Figure 1
NAADP releases Ca2+ in rat brain microsomes (a) Comparison of
Ca2+-mobilizing characteristics of 2 µM cADPR (green circles), 3 µM
NAADP (pink circles) and 5 µM IP3 (blue circles) in the presence of
0.1 µM Ca2+. On its own, 0.1 µM Ca2+ elicited a significant Ca2+
release (black circles). Squares represent Ca2+-efflux triggered by
Ca2+ (black) or NAADP (pink) in the presence of the quench medium.
NAADP-induced Ca2+ release was observed in all four separate
preparations of brain microsomes tested. (b) Concentration-response
curve of NAADP-induced Ca2+ efflux. Experiments were peformed in
the presence of 0.1 µM Ca2+ and therefore the basal release observed
can be attributed to Ca2+-induced Ca2+ release. Values represent
mean ± standard error.
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distinct from those activated by IP3 and cADPR, we tested
the sensitivity of NAADP-induced Ca2+ release to various
drugs known to modify Ca2+ release from intracellular
stores. Concentrations of heparin (600 µg/ml) that can
inhibit IP3-induced Ca2+ efflux (data not shown) did not
inhibit either cADPR-induced or NAADP-triggered Ca2+
release (Figure 2a). Similarly, 8-NH2-cADPR (5 µM), a
competitive antagonist of cADPR [15], reduced cADPR-
induced Ca2+ release but did not affect Ca2+ release
induced by  either IP3 (data not shown) or NAADP. High
concentrations of L-type Ca2+-channel blockers selectively
suppress NAADP-evoked Ca2+ release in sea urchin egg
homogenates, while having little effect on release induced
by either cADPR or IP3 [12]. In brain microsomes, 100 µM
verapamil or diltiazem — both potent inhibitors of L-type
Ca2+ channels — significantly reduced NAADP-induced
Ca2+ efflux without affecting that evoked by cADPR
(Figure 2a). In the presence of permissive Ca2+ concentra-
tions (for example 100 nM, as in this set of experiments),
part of the response seen on addition of NAADP, cADPR
or IP3 can be attributed to Ca2+-induced Ca2+ release
(CICR), as shown in Figure 1a. Therefore, the residual
response observed when the cADPR- and NAADP-sensi-
tive mechanisms are blocked is likely to represent CICR.
Passive loading of microsomes has the advantage over
ATP-driven loading that the concentration of free extrami-
crosomal Ca2+ can be readily set by altering the composi-
tion of the extravesicular solutions. This enables
investigation of the effect of cytoplasmic Ca2+ concentra-
tion on the Ca2+-release mechanisms themselves and the
sensitivity of these mechanisms to modulators of Ca2+-
release channels [14]. In the absence of exogenous modula-
tors, raising Ca2+ in the incubation medium triggered an
increase in Ca2+ efflux as a result of CICR (Figure 2b), with
maximal release occurring at around 1 µM Ca2+. The acti-
vation of both IP3 receptors and RyRs often shows a similar
bell-shaped dependence on the Ca2+ concentration in the
vicinity of the cytoplasmic face of the release channels [16].
At submicromolar free Ca2+ concentrations, the rate of Ca2+
efflux from vesicles is augmented by cADPR, but above
1 µM free Ca2+ the effect of cADPR is less pronounced
[14]. In contrast, we found NAADP-induced Ca2+ release
to be largely independent of Ca2+ concentration in the
extravesicular medium (Figure 2b). This finding agrees
with results obtained in sea urchin eggs, where NAADP-
induced Ca2+ release is neither potentiated by Ca2+ or Sr2+
nor inhibited by Mg2+ [17,18], in contrast to the effects of
these ions on cADPR-induced Ca2+ release [19,20]. Our
data also suggest that NAADP draws part of the Ca2+ that it
releases from the same stores as used in CICR, because the
difference in the magnitude of release between these two
mechanisms is inversely proportional to the efficiency of
CICR. Therefore, significant functional or structural
overlap exists between the Ca2+ pools released by Ca2+ and
NAADP. This finding, together with a study on NAADP-
induced Ca2+ release in pancreatic acinar cells, has led to
the proposal that NAADP-induced Ca2+ release may act as
a trigger to evoke CICR via other Ca2+-release channels [7]. 
It has been proposed that in sea urchin egg homo-
genates and in microsomes, NAADP releases Ca2+ from a
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Characterization of NAADP-induced Ca2+ release. (a) Effect of
inhibitors of Ca2+ release on NAADP-induced (open bars) and
cADPR-induced (grey bars) Ca2+ release. NAADP was used at a
concentration of 3 µM, and cADPR at 2 µM. The rate of 45Ca2+ efflux
was determined 5 sec after dilution into Ca2+-release medium.
(b) Effect of free Ca2+ concentration on NAADP-induced Ca2+ release
(circles) and Ca2+-induced Ca2+ release (squares). Free Ca2+
concentration was adjusted with EGTA as described in [14]. The rate
of 45Ca2+ efflux was determined 5 sec after dilution into Ca2+-release
medium. (c) Ca2+ release triggered by a maximal concentration of IP3
(5 µM), cADPR (2 µM) or NAADP (3 µM), or combinations of these
agents, in brain microsomes. Values are expressed as a percentage of
the release elicited by the Ca2+ ionophore ionomycin. The open parts
of the bars represent the additional Ca2+ efflux that would be expected
if the actions of the agents were fully additive.
substantially different Ca2+-storage compartment from
that which is sensitive to IP3 and cADPR [18,21]. To
investigate the extent of overlap of different Ca2+ stores
in brain microsomes, we investigated the effects of com-
binations of different Ca2+-mobilizing agents on Ca2+
release. When a maximal concentration of NAADP was
applied with maximal concentrations of cADPR or IP3,
the resultant Ca2+ efflux was non-additive but was signif-
icantly greater than that elicited by any of these agents
alone (Figure 2c). These results provide evidence for
some functional or structural overlap of the Ca2+ pools,
but suggest that a sizeable Ca2+ release may originate
from a distinct NAADP-sensitive store. This is also con-
sistent with the functional overlap between the NAADP-
and the Ca2+-sensitive mechanisms shown in Figure 2b. 
Together, these data suggest that, as in sea urchin eggs,
the NAADP-sensitive Ca2+-release mechanism in brain
microsomes is distinct from those activated by the other
two known Ca2+-release agents. Furthermore, there is a
remarkable similarity between the pharmacology of the
NAADP-sensitive mechanism in brain microsomes and in
invertebrate oocytes [5,12]. It has, however, been recently
reported that in pancreatic acinar cells, NAADP triggers
Ca2+-dependent ionic currents that can be blocked by
either heparin or 8-NH2-cADPR [7]. Although this result
may seem at odds with the data presented here, it is likely
that a functional link, perhaps mediated by CICR in intact
cells [7], is not preserved in cell-free systems. This could
also account for the higher effective potency of NAADP in
intact cells [7].
We also tested the capacity of whole-brain extracts to
produce and degrade NAADP. Purified CD38 and Aplysia
ADP-ribosyl cyclase, enzymes known to be responsible
for generating cADPR [22], can also catalyse a base-
exchange reaction using NADP+ and nicotinic acid as sub-
strates to generate NAADP [10]. When membranes from
brain extracts were incubated with 250 µM β-NADP+ and
7 mM nicotinic acid, production of NAADP, measured
using the sea urchin egg homogenate system as a sensitive
bioassay, was readily detected (Figure 3). When the reac-
tion was performed at pH 7, the rate of NAADP produc-
tion was 45 pmol/mg protein/minute (Figure 3a). In
comparison, the rate of cADPR production from 2.5 mM
NAD+ was significantly lower in this preparation
(7.5 pmol/mg protein/minute). The possibility that
NAADP could be generated by phosphorylating NAAD
was also assessed, but addition of NAAD (2.5 mM) and
ATP (2.5 mM) to the brain membrane preparation gave
no detectable NAADP (data not shown).
The possibility that membranes were also associated with
an enzyme or enzymes that degrade NAADP was also
assessed by the addition of authentic NAADP (50 µM)
and subsequent monitoring of residual NAADP using the
sea urchin bioassay system. To gain insight into the sub-
cellular localization of these enzyme activities, the brain
extract was crudely fractionated by sequential centrifuga-
tions at 900 × g, 17,000 × g and 100,000 × g. This gave
three pellets enriched in nuclear membranes (P1), plasma
membrane (P2) and microsomal membranes (P3), respec-
tively, and a final supernatant (S3). NAADP-generating
and degrading activities were observed in the nuclear,
plasma-membrane and microsomal-membrane fractions,
whereas the supernatant fraction lacked any activity
(Figure 3b), demonstrating that the enzymes responsible
for NAADP production and degradation are probably
membrane-bound. NAADP production and degradation
were not equally distributed among the three preparations
(Figure 3b), however, indicating that the enzymes respon-
sible for these respective reactions are likely to be on dif-
ferent membranes. Furthermore, the nicotinic acid
analogues nicotinamide and isonicotinic acid inhibited
NAADP production with a half-maximal inhibitory con-
centration (IC50) of 2 mM and 3 mM, respectively, proba-
bly by competing with nicotinic acid (data not shown).
Cibacron blue, which binds to dinucleotide-fold motifs,
also inhibited NAADP production with an IC50 of 30 µM.
In addition to whole-brain homogenates, cerebral cortex
membranes were found to be able to degrade NAADP,
with a half-time of degradation of 45 minutes. Production
and degradation of NAADP were also detectable in hippo-
campal and cerebellar extracts (data not shown).
It has been shown that the enzymes responsible for both
cADPR and NAADP production have a marked pH
dependence, favouring cADPR formation at higher pH and
NAADP formation at lower pH [10]. This was also the case
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Figure 3
NAADP metabolism in rat brain. (a) pH dependence of cADPR and
NAADP production in whole-brain homogenate. Membranes were
incubated with 250 µM NADP+ and 7 mM nicotinic acid to investigate
NAADP production (squares) or with 2.5 mM NAD+ to investigate
cADPR production (circles). (b) Synthesis and degradation of NAADP
in fractions (P1–P3, S3) from a cortical homogenate separated by
centrifugation (see Materials and methods). Values are expressed as a
percentage of the activity measured in the P1 fraction. Degradation of
NAADP was investigated by adding 50 µM authentic NAADP to the
sample and monitoring the disappearance of Ca2+-releasing activity
using the sea urchin bioassay (see Materials and methods). 
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for the enzyme activities in our preparation, as maximal
NAADP formation was observed at pH 4 and maximal
cADPR formation at pH 7 (Figure 3a). Although NAADP
production at pH 7 is relatively low compared with its syn-
thesis at more acid pH, it was significantly higher than
cADPR synthesis at pH 7 (45 pmol NAADP/mg
protein/minute compared with 7.5 pmol cADPR/mg
protein/minute). Therefore, although these results might
suggest that the optimal conditions for NAADP production
would be in the acidic cellular compartments, NAADP pro-
duction can occur in the cytosol as well.
In conclusion, our results provide strong evidence that
NAADP induces Ca2+ release from brain microsomes by a
mechanism distinct from those regulated by either cADPR
or IP3. This, together with the capacity of rat brain mem-
branes to synthesize and degrade NAADP, suggests that
NAADP could have a role in neuronal Ca2+ signalling.
Materials and methods
Preparation of microsomes
Microsomes were prepared from Sprague–Dawley rat brain as
described previously [23]. The homogenization medium was 0.32 M
sucrose, 5 mM Hepes pH 7.4, 0.8 mM benzamidine, 10 µM leupeptin,
0.5 µM aprotinin and 0.1 mM phenylmethylsulphonyl fluoride (PMSF)
for Ca2+-release experiments, and 250 mM sucrose, 40 mM Hepes
pH 7.2 and 20 µg/ml aprotinin for metabolism experiments. Briefly, a
10% (w/v) homogenate was prepared using a motor-driven homoge-
nizer fitted with a teflon pestle. The homogenate was centrifuged at
900 × g for 10 min to remove nuclei, unbroken cells and cell debris.
The resultant supernatant was centrifuged at 17,000 × g for 45 min to
remove the mitochondrial fraction. The postmitochondrial supernatant
was then centrifuged at 100,000 × g for 60 min to sediment the micro-
somal fraction. The microsomal fraction was resuspended in 0.32 M
sucrose, 20 mM MOPS pH 7.2 and 0.1 mM PMSF to a final protein
concentration of 10–15 mg/ml for release experiments. For metabolism
experiments, the three pellets were resuspended in a Hepes buffer.
Passive Ca2+ loading and Ca2+-release assay
Rat brain microsomes (5 mg/ml) were passively loaded with 5 mM
45CaCl2 by incubation for 6 h on ice in a medium containing 150 mM
KCl, 20 mM MOPS pH 7.2. The passively loaded vesicles were diluted
20-fold into a Ca2+-release medium containing 150 mM KCl, 20 mM
MOPS pH 7.2 and 750 µM EGTA to adjust pCa to 7 at room tempera-
ture. The efflux of 45CaCl2 was quenched with ice-cold quench solution
containing 1 mM LaCl3, 10 mM MgCl2, 150 mM KCl and 20 mM
MOPS pH 7.2. After Millipore filtration and washing the filters with the
quench solution, the radioactivity retained on the filter was determined
by liquid scintillation counting.
Metabolism of NAADP and cADPR
NAADP and cADPR levels were measured using the sea urchin egg
homogenate bioassay, as described elsewhere [24–26].
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